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ABSTRACT 
The impact of climate change on drought main characteristics was assessed over Southern South America. This was 
done through the precipitation outputs from a multi-model ensemble of 15 climate models of the Coupled Model Inter-
comparison Project Phase 5 (CMIP5). The Standardized Precipitation Index was used as a drought indicator, given its 
temporal flexibility and simplicity. Changes in drought characteristics were identified by the difference for early 
(2011-2040) and late (2071-2100) 21st century values with respect to the 1979-2008 baseline. In order to evaluate the 
multi-model outputs, model biases were identified through a comparison with the drought characteristics from the 
Global Precipitation Climatology Centre database for the baseline period. Future climate projections under moderate 
and high-emission scenarios showed that the occurrence of short-term and long-term droughts will be more frequent in 
the 21st century, with shorter durations and greater severities over much of the study area. These changes in drought 
characteristics are independent on the scenario considered, since no significant differences were observed on drought 
changes. The future changes scenario might be even more dramatic, taking into account that in most of the region the 
multi-model ensemble tends to produce less number of droughts, with higher duration and lower severity. Therefore, 
drought contingency plans should take these results into account in order to alleviate future water shortages that can 
have significant economic losses in the agricultural and water resources sectors of Southern South America. 
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1. Introduction 
Among extreme meteorological events, droughts are 
possibly the most slowly developing ones, that often 
have the longest duration, and at the moment the least 
predictability among all atmospheric hazards [1]. In the 
last 20 years, 1 billion people worldwide were affected 
by droughts [2]. Southern South America (SSA) was no 
exception to this hazard, whose impacts were evident in 
the reduction in crop yields, reduced cattle products, 
streamflow deficiencies and consequently problems for 
hydroelectric power generation. 
Climate change refers to any change in climate over 
time, whether due to natural variability or as a result of 
human activity [3]. These changes can lead to changes in 
the statistical properties of the distribution of the variable 
considered, as changes in their mean values and its am-  
plitude or variability. Changes in precipitation variability 
can include more frequent and damaging extreme events 
such as drought [4]. Therefore, climate change is ex- 
pected to primarily affect the frequency and severity of 
droughts. However, most of the research in SSA concen- 
trated on changes in the mean state of the climate rather 
than in changes in its temporal variability, and the impact 
of climate change on drought characteristics remains 
partially unknown. Several works have evidenced the 
occurrence of positive trends in precipitation totals at 
different time scales during the second half of the 20th 
century over most of SSA [5-7]. In agreement to these 
variations, a decrease in the annual number of dry days 
was observed over a great portion of Argentina [8]. These 
trends exhibited a high degree of non-linearity, and some 
regions presented a reversion in their sign after 1990s 
[8,9]. Hence, climate model outputs are necessary in 
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order to evaluate if modeled precipitation shows these 
low-frequency changes and if these trends’ reversion will 
continue during the 21st century, given the importance of 
these trends in the economy of the region. If a return to 
dry conditions is projected, droughts can become a more 
frequent hazard, and its severity and duration characteris-
tics can be altered as well. Therefore, the quantitative 
knowledge of the characteristics of droughts in the region 
is an important aspect of the planning and management 
of agricultural practices and water resources. 
Taking this into consideration, the aim of this research 
is to evaluate how well a multi-model ensemble from the 
Coupled Model Intercomparison Project Phase 5 (CMIP5) 
Global Climate Models (GCMs) represents the drought 
characteristics in SSA, and to evaluate future changes in 
drought frequency, duration and severity. Given the ris- 
ing demand on water resources, governments and water 
agencies will face increased planning for drought allevia- 
tion. Therefore it is important to identify if climate 
change will aggravate water issues by changing drought 
characteristics at a regional level. 
2. Data 
2.1. Reference Data 
Observed monthly rainfall totals were obtained from the 
Global Precipitation Climatology Centre (GPCC) Full 
Data Reanalysis v6 gridded at 1˚ × 1˚ resolution [10]. 
This dataset spans the Atmospheric Model Intercom- 
parison Project (AMIP) period (1979-2008). The study 
area corresponds to the portion of South America south 
of 19˚S, which comprises 617 grid points excluding the 
southern oceans. The GPCC dataset was selected because 
its agreement with the spatial and temporal patterns of 
rain gauge data over the region. This is evident especially 
over the La Plata Basin, one of the largest basins and 
producers of hydroelectric power in the world, which is 
located in the central-eastern portion of SSA. Moreover, 
several studies used the GPCC dataset in order to char- 
acterize precipitation main features in the region [11,12] 
which also confirm its appropriateness. 
2.2. Model Outputs 
Assessments of future drought have traditionally used 
only few climate models to assess possible impacts [13]. 
Because the outputs of GCMs vary widely within the 
same scenarios, the use of GCM ensemble means with 
some acknowledgement of the uncertainty in ensemble 
outputs has become a standard practice in climate science 
research [14]. In this work we used an ensemble of 
monthly modeled precipitation data from 15 GCMs be- 
longing to the CMIP5 [15]. Table 1 lists the selected 
models used in this study, with their respective modeling 
groups. Criteria for the selection of models were based  
Table 1. List of the 15 GCMs considered for the multi- 
model ensemble. 
Model Institute (country) Resolution(Lat × Lon)
ACCESS1-0 
Commonwealth Scientific and  
Industrial Research Organization  
(Australia) 
1.24˚ × 1.88˚
BCC-CSM1-1
Beijing Climate Center, China  
Meteorological Administration  
(China) 
2.81˚ × 2.81˚
BNU-ESM 
College of Global Change and Earth  
System Science, Beijing Normal  
University (China) 
2.81˚ × 2.81˚
CCSM4 National Center for Atmospheric  Research (USA) 0.94˚ × 1.25˚
CNRM-CM5 Centre National de Recherches  Meteorologiques (France) 1.41˚ × 1.41˚
CSIRO-Mk3-6-0
Commonwealth Scientific and  
Industrial Research Organization  
(Australia) 
1.87˚ × 1.87˚
GISS-E2-R NASA Goddard Institute for Space  Studies (USA) 2.0˚ × 2.5˚
INMCM4 Institute for Numerical Mathematics  (Russia) 1.5˚ × 2.0˚
IPSL-CM5A-LR Institut Pierre-Simon Laplace (France) 1.87˚ × 3.75˚
IPSL-CM5B-LR Institut Pierre-Simon Laplace (France) 1.87˚ × 3.75˚
MIROC5 Atmosphere and Ocean Research  Institute, University of Tokyo (Japan) 1.41˚ × 1.41˚
MPI-ESM-LR Max Planck Institute for Meteorology (Germany) 1.87˚ × 1.87˚
MPI-ESM-MR Max Planck Institute for Meteorology (Germany) 1.87˚ × 1.87˚
MRI-CGCM3 Meteorological Research Institute  (Japan) 1.13˚ × 1.13˚
NorESM1-M Norwegian Climate Centre, Norway 1.87˚ × 2.5˚
 
on the availability of data, primarily for future projec- 
tions. Given that most of the models have different spa- 
tial resolutions (Table 1), all the model outputs were 
regridded to 1˚ × 1˚ resolution using bilinear interpola- 
tion [16]. The 15 GCM runs considered in this study 
cover two of the four representative concentration path-
ways (RCPs) designed as a new set of scenarios for the 
Fifth Assessment Report of the IPCC: the RCP4.5 and 
RCP8.5 scenarios [17]. In contrast to the SRES scenarios, 
RCPs represent pathways of radiative forcing, not de- 
tailed socio-economic narratives or scenarios [18], where, 
for example, RCP4.5 reaches a radiative forcing of 4.5 
W/m2 by the year 2100. RCP4.5 show a stabilizing CO2 
concentration, close to the median range of the existing 
literature; while RCP8.5 follows the upper range of 
available literature, with rapidly increasing concentra- 
tions [19]. Three periods of 30 years were considered in 
order to evaluate changes in future climate: the AMIP 
period (1979-2008); and projections for the early 21st 
century (2011-2040) and late 21st century (2071-2100). 
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3. Methodology 
Precipitation is the primary factor controlling the forma- 
tion and persistence of drought conditions, but evapo- 
transpiration is also an important variable [20]. Given the 
difficulties in obtaining reliable observed and modeled 
evapotranspiration measures over SSA, a drought esti- 
mator based solely on precipitation totals was choosen. 
In order to identify drought characteristics we used the 
Standardized Precipitation Index (SPI), developed by [21] 
for drought definition and monitoring. The SPI only re- 
quires monthly precipitation as input variable, which is a 
common variable in all GCMs outputs. This is a power- 
ful, flexible index that is simple to calculate, was widely 
used in SSA proving to be a good estimator of both wet 
and dry conditions [9,22,23]. A detailed description of 
the calculation of the SPI can be found in [20]. A brief 
summary of the main assumptions for its calculation is 
presented. The SPI calculation for every gridpoint is 
based on the accumulated precipitation for a fixed time 
scale of interest. These series of accumulated precipita- 
tion were fitted to a gamma probability distribution, 
which is found to be one of the most suitable to fit the 
precipitation distribution in the region [24]. This proce- 
dure was performed for each time scale of interest and 
for each month of the year. The cumulative probability is 
then transformed to the standard normal random variable 
z with mean zero and variance of one, which is the value 
of the SPI [25]. In summary, the SPI quantifies the num-
ber of standard deviations that the accumulated rainfall in 
a given time scale deviates from the average value of a 
location in a particular period.  
In this work we consider time scales of 3 (SPI3) and 
12 (SPI12) months, which represents short-term and 
long-term droughts, respectively. Short-term droughts 
used to affect the agricultural sector, while long-term 
droughts have impacts on the water resources. Both sec- 
tors are extremely important in SSA. The SPI was calcu- 
lated for the 3 and 12 months accumulated precipitation 
from the GPCC database and the simulated precipitation 
from the multi-model ensemble in the same time scales 
for the three time periods considered. Several thresholds 
for the SPI values can be found on literature in order to 
define drought events [21,26,27]. In this work we con- 
sider a drought event as the period of time where SPI 
values are below to −1.0, which means that precipitation 
departures from average conditions exceed one standard 
deviation. Three different parameters were used for 
drought characterization: a) frequency—number of drou- 
ghts over the period of interest; b) duration—average 
duration of all drought events; and c) severity—average 
SPI value of all drought events. In order to compute the 
difference between baseline and future drought charac-
teristics, we calculated the percentage of change of the 
early and late 21st century drought parameters with re-
spect to the 1979-2008 period for both RCPs and time 
scales considered.  
In the case where accumulated precipitation time se- 
ries does not fit to the gamma probability function, those 
gridpoints were removed from the analysis. It is expected 
that the spatial distribution of grid points with non-sig- 
nificant fits show differences among the time scales con- 
sidered for the accumulation and the precipitation data 
considered. 
4. Results 
4.1. Drought Climatology and Evaluation of 
Multi-Model Control Simulation (1979-2008) 
The main characteristics of drought events computed 
from SPI3 based on the CMIP5 multi-model ensemble 
for the 1979-2008 baseline are shown in Figure 1. Re- 
garding drought frequency, most of the study area Regis- 
tered between 15 and 30 droughts. The regions with 
higher drought frequency are located over the Argentin- 
ean Patagonia, northern Argentina and southern Brazil 
(Figure 1(a)). Those areas where the occurrence of drou- 
ghts is more (less) common, corresponds with regions 
where its duration is shorter (longer) (Figure 1(b)). In 
average, droughts lasted between 2 and 3 months in most 
of the region, although in southern Chile short-term 
droughts can last almost 4 months. Concerning drought 
mean severity, higher values are located over the north- 
west and southwest portions of the domain (Figure 1(c)). 
Taking into account the drought categories defined for 
the SPI [20], this result indicates that, on average, severe 
droughts (SPI ≤ −1.5) were recorded in the above men- 
tioned regions, as well as over most of Paraguay. 
When this drought climatology is compared to the one 
obtained through the GPCC database, it appears that the 
CMIP5 ensemble subestimate drought frequencies over 
most of the study area (Figure 2(a)), mainly in the re- 
gions where drought frequency is low. The areas of sub- 
estimation in drought frequency are in concordance with 
areas with an overestimation of drought mean duration 
(Figure 2(b)). These areas are characterized by a subes- 
timation of 20% - 40% for drought frequency and an 
overestimation of 20% - 60% in drought duration. There 
is also a subestimation of drought mean severity, of 
about 5% - 15%, mostly in the areas where mean sever- 
ities are lower (Figure 2(c)). In summary, in most of 
SSA the CMIP5 ensemble tends to produce less number 
of short-term droughts, with higher duration and lower 
severity. There are some specific areas where the oppo- 
site occurs, with higher drought frequency followed by a 
decrease in their mean duration, as the case of southern 
Argentinean Patagonia, a portion of northern Argentina 
and a small region over the coast of Brazil. 
Analyzing the characteristics of the long term drought, 
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Figure 1. Drought climatology based on the multi-model ensemble for the SPI3. (a) Frequency; (b) mean duration and (c) 
mean severity of droughts. Period: 1979-2008. The white grid points over the continent correspond to locations where the 
gamma probability function does not significantly fit to the 3-month accumulated precipitation distribution. 
 
 
Figure 2. Percentage errors in representation of drought characteristics by the multi-model ensemble when compared with 
GPCC dataset for the SPI3. Period: 1979-2008. 
 
the multi-model ensemble based on SPI12 approximately 
shows the same areas of maximum and minimum sever- 
ities, durations and frequencies than based on SPI3 (Fig- 
ure 3). As the time period is lengthened to 12 months, 
the SPI responds more slowly to changes in precipitation, 
therefore, droughts were less frequent (8 - 14 droughts 
during 1979-2008) and lasted longer (4 - 10 months). 
When these results are compared with the drought cli- 
matology obtained through the GPCC database on a time 
scale of 12 months, the discrepancies seems to be higher 
than for short term droughts (Figure 4). This is indica- 
tive that the multi-model ensemble skill varies with the 
time scale considered in the calculation of the SPI. The 
northwestern and southwestern portions of SSA show 
errors towards an increase of drought events, with shorter 
durations and longer severities. The central portion of the 
domain shows the opposite pattern, with a heterogeneous 
spatial structure. 
The above results could be indicative that long term 
droughts are spatially more complex than short term ones, 
although their temporal pattern is less variable. The dis- 
crepancies between the multi-model ensemble and the 
GPCC database could respond to biases in the simulation 
of mean precipitation patterns in SSA, which was identi- 
fied in [28,29]; and also to biases unrelated to errors in 
the mean patterns, like the representation of seasonal and 
inter-annual precipitation variabilities [30] that are im- 
portant for drought development. 
4.2. Projected Changes in Drought 
Characteristics: 2011-2040 
The RCPs scenario projections for the period 2011-2040 
show that, in average, the occurrence of short-term and 
long-term droughts will be more frequent with respect of 
1979-2008 period, with shorter durations and greater 
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Figure 3. Same as Figure 1 for SPI12. 
 
 
Figure 4. Same as Figure 2 for SPI12. 
 
severities (Figures 5 and 6). This is indicative of a future 
increase in the inter-annual variability of precipitation in 
SSA, which was already documented for the second half 
of the 20th century by [7,24]. Therefore, changes in the 
mean state of climate, and more specifically, precipi- 
tation, will have superimposed an increase in the sea- 
sonal and inter-annual variabilities that will enhance the 
occurrence of precipitation extremes, in this case, droughts. 
Regarding SPI3, both RCP4.5 and RCP8.5 scenarios 
show approximately the same spatial pattern, which in- 
dicates that an increase in greenhouse gasses concentra- 
tion will have little impact in future changes of short- 
term droughts during early 21st century (Figure 5). A 
large part of the study area will experience decreases of 
10% - 30% in drought duration and increases of 10% - 
60% in drought frequency. The major changes in drought 
severity are located in the central portions of Argentina 
and Chile, Uruguay and southern Brazil, with a well de-
fined increase. Severity increases will be between 5% 
and 15% for the central portion of SSA. 
In the case of long-term droughts, the regional pattern 
of changes is not as well defined as for short-term 
droughts (Figure 6). This could be related with the spa- 
tial structure of its climatology (Figure 3) and also can 
be associated to model uncertainties in the representation 
of precipitation accumulated over longer time scales. The 
expected changes in long-term drought parameters are 
greater than the changes for short-term droughts. In the 
case of the RCP4.5 projection, it is expected that La Plata 
Basin experience more and severe droughts in the 
2011-2040 period, with increases of more than 30% in 
drought frequency and more than 10% in drought sever- 
ity. This is also verified for the RCP8.5 projection, al- 
though with a diminished magnitude in the changes. 
Variations according to RCP8.5 scenario show an im- 
portant increase in drought severity in central-west Ar- 
gentina and central Chile and in northern Patagonia. 
Southern Patagonia shows a clear dipole pattern, with 
higher (lower) drought frequencies over the Chilean 
(Argentinean) portion, accompanied with lower (higher) 
Copyright © 2013 SciRes.                                                                                AJCC 
O. C. PENALBA, J. A. RIVERA 178 
 
 
Figure 5. Mean changes in SPI3 drought characteristics projected by the multi-model ensemble for the period 2011-2040 rel- 
ative to the 1979-2008 baseline along the RCP4.5 (top) and RCP8.5 (bottom) scenarios. 
 
 
Figure 6. Same as Figure 5 for SPI12. 
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durations and severities (Figure 6). 
4.3. Projected Changes in Drought 
Characteristics: 2071-2100 
Projections for the late 21st century also show approxi- 
mately the same spatial pattern of expected changes 
(Figures 7 and 8). The multi-model ensemble produces 
more drought events of shorter duration and greater se- 
verities over a large portion of SSA. The spatial exten- 
sion of changes in short-term drought characteristics is 
greater for 2071-2100 than for 2011-2040 (Figures 5 and 
7), although the magnitude of the expected changes re- 
mains similar. This is not evident in the case of long-term 
droughts (Figures 6 and 8). Major changes will be ex- 
perienced over central Argentina and Uruguay in all the 
SPI3 drought parameters (Figure 7). Changes in long- 
term drought severity are important in magnitude and 
spatial extension, and are located over the central and 
northeastern portions of SSA (Figure 8). In the case of 
drought duration, higher uncertainty exists at a regional 
scale for long-term droughts, with a noisy spatial pattern. 
As in the case of the projections for 2011-2040, both 
scenarios show the same changes for long-term drought 
characteristics, although increases in drought severity are 
larger under future scenario RCP4.5 than future scenario 
RCP8.5 (Figures 7 and 8). 
5. Summary and Conclusions 
This study used the SPI as a drought indicator, in order to 
evaluate the present day simulations of a CMIP5 multi- 
model ensemble for the AMIP period (1979-2008) 
against observations using the GPCC 1˚ × 1˚ dataset; and 
to establish future changes in drought characteristics over 
SSA projected by two RCP scenarios for early and late 
21st century. 
For the 1979-2008 baseline period, the CMIP5 ensem- 
ble tends to produce less number of droughts over most 
of SSA, with higher duration and lower severity, al- 
though there are some specific areas where the opposite 
occurs. The multi-model ensemble skill varies with the 
 
 
Figure 7. Mean changes in SPI3 drought characteristics projected by the multi-model ensemble for the period 2071-2100 rel-
ative to the 1979-2008 baseline along the RCP4.5 (top) and RCP8.5 (bottom) scenarios. 
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Figure 8. Same as Figure 7 for SPI12. 
 
time scale considered in the calculation of the SPI, with 
larger discrepancies for the estimation of long-term 
drought characteristics (SPI12). Taking into account the 
heterogeneous spatial pattern for the SPI12 climatology, 
we can conclude that there is a high uncertainty in the 
estimation of long term droughts through the CMIP5 
ensemble; although this kind of droughts could by spa- 
tially more complex than short term droughts, something 
already mentioned in [31]. The discrepancies between 
the multi-model ensemble and the GPCC database could 
respond to biases in the simulation of mean precipitation 
patterns over SSA and biases in the representation of 
seasonal and inter-annual variabilities, which are impor- 
tant for drought development. A bias correction could be 
applied to the precipitation data for each of the model 
outputs, but, as stated in [32], this is a troubling proce- 
dure and it is not known whether the same bias correc- 
tion to model outputs will be valid in a future climate. 
Future projections indicate that, under the two RCPs 
used, climate change will have large effects on drought 
characteristics over SSA. The occurrence of short-term 
and long-term droughts will be more frequent in the 21st 
century, with shorter durations and greater severities over 
much of SSA. The increases in drought frequency chan- 
ges will be about 10% - 30%; accompanied with increas- 
es of 5% - 15% in the mean drought severity and a de- 
crease of 10% - 30% in the mean drought duration. 
Therefore, it is expected a future increase in the seasonal 
and inter-annual variability of precipitation in SSA that 
can result in economic losses for the region if proper 
adaptation measures are not proposed timely. Hence, 
drought contingency plans should take these results into 
account in order to alleviate future drought effects in the 
agricultural and water resources sectors. The RCP4.5 and 
RCP8.5 scenarios will have approximately the same ef- 
fect on droughts, since no significant differences are ob- 
served on drought frequencies, durations and severities. 
This result was already found in [33] for the SRES emis- 
sion pathways at a global scale. The authors stated that 
the already accumulated greenhouse gases and the ther- 
mal inertia of the oceans could contribute to the increase 
in drought occurrence. If we consider that the multi- 
model ensemble tends to underestimate drought fre- 
quency, if this bias remains for the future, the panorama 
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for the 21st century could be more dramatic. 
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